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Aim: The aim of this study is to examine the feasibility of the small intestinal submucosa (SIS) when the longitu-
dinal staples during Bianchi’s procedure are replaced with SIS graft.
Methods: The mesentery of the bowel was separated based on the bifurcated vessels in ﬁve beagles. A 2 × 7-cm
longitudinal half of the bowel was excised and the defect was repaired using SIS with similar blood supply in
Bianchi’s operation. Six months later, intestinal motility in the SIS-grafted area was recorded. Tissue preparations
were obtained from the reorganized area. An organ bath technique with electrical ﬁeld stimulation was applied.
Both the native small intestine and grafted area were morphologically investigated using immunohistochemistry.
Main results: All dogs survived and thrived with no anastomotic leakage. Isoperistaltic migrating contractility
during fasting was observed through the grafted segment including the reorganized area. The SIS-reorganized
tissue contracted in response to an acetylcholine agonist and electrical ﬁeld stimulation. The mucosa was covered
with normal epithelium. Reorganization of neural and smooth muscle cells was observed.
Conclusions: SIS has the potential for use as a scaffold that promotes the formation of a physical and physiological
neointestine. Our present proposal approaches a novel surgical treatment in patients with short bowel syndrome.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).More than 30 years have passed since Bianchi [1] published the ﬁrst
report on a novel surgical treatment for patients with short bowel
syndrome (SBS), in which the severely dilated bowel is longitudinally
divided into two tubes that are reconnected in series with the rest of
the small intestine. Several modiﬁcations were made during these three
decadeswithmodest results [2–5]. The aim of such intestinal lengthening
and/or tapering operations for patients with SBS with a dilated small
intestine is to decelerate the intestinal transit time and/or increase the
intestinal absorptive capacity in expectation of intestinal adaptation.
In 1996, Saday and Mir [6] described an interesting surgical model
that incorporated intestinal lengthening with neomucosal growth by
serosal patching. However, follow-up clinical studies were unable to
be performed. Recent technological advancements in the ﬁeld of tissue
engineering have allowed a variety of tissues and organs to be regener-
ated. Intestinal tissue engineering is expected to introduce potential
therapy for patients with SBS. Various researchers have developed the
technique of scaffold-based tissue engineering. Porcine-derived smallin-Aid for Scientiﬁc Research
f Science (grant no. 22591488
urgery and Surgical Oncology
uate School of Medicine, 1-1-1
: +81 836 22 2264; fax: +81
. This is an open access article underintestinal submucosa (SIS) is one such decellularized, collagen-rich
bioscaffold. It has been reported to contain functional growth factors
considered vital for tissue restoration [7–9] and to preserve a mixture
of bioactive factors including cell adhesion factors, mitogenic factors,
chemotactic cytokines, and angiogenic factors [8,10]. Several reports
have described the utility of SIS in intestinal tissue engineeringusing an-
imalmodels [11–16]. More than a few authors have reported that tissue
engineering using SIS can be used to create a neointestinewith structur-
al features of the normal intestine [11–14]. Chung et al [17] also studied
intestinal engineering using SIS in a dog model. They succeeded in
creating a remodeled wall that contained mucosal epithelial, smooth
muscle, and serosal layers by patch grafting with SIS for a substantial
defect created in the small intestine, while a tubular replacement of
SIS interposed between small intestinal segments showed signiﬁcant
morbidity [11]. Therefore, it is essential to maintain the blood supply
to the midportion of the graft, even when using SIS as a bioscaffold.
We conceived an innovative design concept beneﬁcial in the
treatment of patients with SBS irrespective of the diameter of the
small intestine using a small intestinal tissue engineering technique. In
brief, the bowel is divided as described by Bianchi [1] without the use
of surgical staplers. Rather than sewing the edges of the bowel to itself
to form two separate conduits, the defect is closedwith interpositioning
of the SIS sutured to the edges of the defect. Next, the two separate
conduits that were integrated with SIS are moved in the opposite
direction with the mesentery, which contains a single-blood supplythe CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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the rest of the small intestine, as in Bianchi’s operation. This technique
theoretically increases the absorptive area of the small intestine to an
area twice as large as that of the original bowel without changing the
caliber of the initial lumen, assuming local intestinal regeneration is
induced by the SIS graft. The aim of this preliminary study was to test
a novel and original concept of intestinal tissue engineering combined
with Bianchi’s vessel treatment and to evaluate the feasibility of the
SIS graft when the blood supply to the graft is delivered in the same
way as in Bianchi’s procedure.
1. Materials and methods
1.1. Initial surgical manipulation
This experiment was reviewed by the Committee of Ethics on
Animal Experiments at Yamaguchi University School of Medicine and
performed in accordance with the Guideline for Animal Experiments
in Yamaguchi University School of Medicine and the Law (no. 105)
and Notiﬁcation (no. 6) from the Japanese Government.
Five female beagle dogs (TOYO beagles; Kitayama Labes, Nagano,
Japan) weighing 11.1–16.4 kg were used in this study. Food was with-
held for 12 h prior to surgery;waterwas available ad libitum. Anesthesia
was induced with a single intravenous injection of 5 mg/kg of propofol
(Diprivan; AstraZeneca, Tokyo, Japan) with 0.1 mg/kg of pancuronium
bromide (Mioblock, MSD, Tokyo, Japan). General anesthesia was main-
tained by intratracheal inhalation of isoﬂurane in oxygen. The abdomen
was aseptically prepped for a 10-cm ventral midline laparotomy. Under
visualization with a surgical binocular loupe at 2.5× magniﬁcation,
initial surgical manipulation was performed as follows (Fig. 1). A 7-cm
length of mesenterium containing one side of the straight arteries and
veins that are distributed separately to the small intestine from the
anastomotic arcades (bifurcated vessels) was transected 40 cm distal
to the ligament of Treitz. In other words, one channel of the two blood
ﬂows to the jejunum including the straight artery and vein in the
mesenterium was cut off without affecting the residual blood ﬂow. An
enterotomy was created longitudinally on the antimesenteric wall of
the jejunum. Continuity was cut off at both ends of the longitudinal
half that had mesenterium manipulation. A 2- × 7-cm longitudinal,
semicircular, full-thickness section from half of the jejunum was then
excised. The defect was repaired using a 2- × 7-cm 8-ply SIS (Biodesign,
Surgisis; Cook Biotech,West LaFayette, IN), whichwas equivalent to the
defect in the area, after rehydration for 15min in normal saline solution.
The SIS was secured to the naked bowel edge with an absorbable 5–0
polydioxanone suture (PDS-II; Ethicon, Tokyo, Japan) in a continuous
manner. Additional nonabsorbable polypropylene sutures (Prolene;
Ethicon, Tokyo, Japan) were placed at the four outer corners of the
rectangle-shaped SIS in an interrupted pattern to ensure future identiﬁ-
cation of the SIS site because the SIS is an absorbablematerial. Adequate
hemostasis was maintained throughout the procedure, and the wound
was closed with interrupted 2–0 nylon sutures (Ethilon; Ethicon,
Tokyo, Japan) for the peritoneum, muscular, and fascial layers. The
skin was closed with a skin stapler (3 M Precise Vista Disposable Skin
Stapler; Sumitomo-3 M, Tokyo, Japan). An antibiotic (ﬂomoxef sodium;
Shionogi & Co., Ltd., Osaka, Japan) was administered once immediately
after the operation. The animals were given a solid diet immediately
after the surgery.
1.2. Measurement of muscle motility in vivo
Sixmonths postoperatively, the abdomenwas reentered under gen-
eral anesthesia. The reorganized area of the small intestine was easily
identiﬁed by the polypropylene markers. Four strain gauge force trans-
ducers (Model F12IS, 8 × 14 mm; Star Medical Inc., Tokyo, Japan) were
implanted on the seromuscular layer to record the autonomousmotility
of the small intestine through the regenerated area (Fig. 2). Twotransducers were sutured to the jejunum, one of which was 10 cm
and the other 5 cm proximal to the reorganized area (transducers 1
and 2, respectively). One transducer was applied in the center of the
reorganized segment (transducer 3), and another was sutured to the
jejunum 5 cm distal to transducer 3 (transducer 4). Cables were led out
through a skin incisionmadebetween the scapulae via a subcutaneous tun-
nel in the costal ﬂank, and the end of the cables was stored in a jacket
protector. The dogs were allowed to recover from the surgery for 1 week.
The end of the cables was connected to a transmitter of a telemetry system
(Star Medical Inc., Tokyo, Japan). Small intestinal motility during fasting in
the awake state was observed and analyzed with a computer-assisted
system (PowerLab; ADInstruments, Castle Hill, Australia).
1.3. Measurement of muscle motility in vitro
After measurement of the motor activity in vivo, the animals were
sacriﬁced and the small intestine including the reorganized areawas ad-
equately excised. Two muscle strips along with their longitudinal mus-
cle ﬁbers were taken from themiddle of the four nonabsorbable sutures
to prevent contamination of the de novobowel tissue thatwas unrelated
to the reorganized area. Two additionalmuscle stripswere also harvest-
ed from the untreated conduit of the small intestine as control speci-
mens. Tissue-organ baths ﬁlled with buffer were used to investigate
the physiology and pharmacology of the tissue specimens in vitro.
Dose- or frequency-response studies were conducted to assess the tis-
sue response to a certain drugdosage or stimulus potency in isolated tis-
sue preparations. The lengths and widths of the tissue preparations
were trimmed to 10.0 × 5.0 mm. Both ends of the tissue preparations
were suspended between two platinum electrodes in 10-mL tissue-
organ baths (ADInstruments). Krebs–Henseleit buffer (118 mM NaCl,
4.8 mM KCl, 2.5 mM CaCl2, 25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM
MgSO4, and 11 mM glucose) was used to maintain the integrity of the
tissues for several hours in a temperature-controlled environment at
36 °C while physiological measurements were performed. Continuous
bubbling with 95% O2 and 5% CO2 was performed throughout the
experiment. Tissue preparations were adjusted at a resting load of
0.5 g and equilibrated for 1 h. Changes in mechanical contractility
in vitro were recorded on a polygraph using isometric transducers
(Nihon Kohden, Tokyo, Japan) and analyzed with a computer-assisted
system (PowerLab; ADInstruments). A dose-response curve was
obtained for each tissue preparation with a muscarinic receptor agonist
(carbachol hydrochloride, CCH; 1 × 10−8 to 10−4 M). Activation of in-
trinsic nerves was achieved by electrical ﬁeld stimulation (EFS; 50 mV,
1.0-ms duration, and 10-s trains at 2.5, 5, 10, 20, and 40 Hz) induced
by an electric stimulator (Nihon Kohden, Tokyo, Japan). All chemicals
were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Fresh stock solutions of CCH were routinely prepared in saline. Each
stock solution was then further diluted to the appropriate concentra-
tion. An area under the curve during 4 min or 30 s of each stimulation
with CCH or EFS was calculated using the computer-assisted system
and expressed as the motility index (MI).
1.4. Immunohistological evaluation
Several intestinal specimens including circular muscle ﬁbers and
the reorganized area were obtained for immunohistological analy-
sis. The specimens were ﬁxed with 4% buffered paraformaldehyde
(Wako Pure Chemical Industries), embedded in parafﬁn, and sec-
tioned along the circular muscle. Hematoxylin and eosin staining,
periodic acid-Schiff staining, and elastica van Gieson staining were
performed according to conventional methods. Immunohistochem-
istry was used to conﬁrm the regrowth of smooth muscle and neural
ﬁbers using antibodies to α-smooth muscle actin (Abcam, Tokyo,
Japan), desmin (Abcam, Tokyo, Japan), and S-100 protein (MBL,
Nagoya, Japan). The sections were incubated with primary antibod-
ies (anti-α-SMA, 1:400; anti-desmin, 1:100; anti-S-100 protein,
Fig. 1. Surgical manipulation. (A) A 7-cm length of mesenterium containing one side of the straight arteries and veins that are distributed separately to the small intestine from the
anastomotic arcades (bifurcated vessels) was transected. (B) The incision was completed without affecting the residual blood ﬂow. (C) An enterotomy was placed longitudinally on
the antimesenteric wall of the jejunum. (D) Continuity was cut off at both ends of the longitudinal half that had mesenterium manipulation. (E) The color of the approximated half of
the small intestine was deteriorated as a result of an inadequate blood supply. (F) The 2- × 7-cm longitudinal, semicircular, full-thickness half of the jejunumwas excised. (G) The defect
was repaired using the 2- × 7-cmSIS, equivalent to the defect in the area,with an absorbable 5–0 polydioxanone suture in a continuousmanner. (H) Surgicalmanipulationwas completed.
The white arrows indicate the nonabsorbable polypropylene suture to identify the SIS-grafted site.
575M. Nakao et al. / Journal of Pediatric Surgery 50 (2015) 573–5801:1000) in a humidiﬁed chamber at 37 °C for 40 min. After washing
three times in wash buffer (Dako North America, Carpinteria, CA),
the samples were incubated with secondary antibodies labeled
with a polymer high-resolution pack (EnVision+; Dako North
America) at 37 °C for 40 min. After washing three times, the samples
were developed with a DAB kit (EnVision+; Dako Japan, Kyoto,
Japan). Finally, they were co-stained with hematoxylin for 5 min to
visualize cell nuclei. The thickness of the whole layer, the mucosa,
and the muscle layer in three samples were measured at the centerof the reorganized area, which was identiﬁed as the point between
the imaginary longitudinal straight lines created by two nonabsorb-
able sutures, and compared with those of normal regions.
1.5. Data and statistical analysis
Data are expressed as the mean ± the standard error of the mean.
Statistical analyses were performed using a paired or unpaired t test.
Values of P b0.05 were considered statistically signiﬁcant.
transducer-1transducer-2
transducer-3
transducer-4
regenerated area
oral
anal
Fig. 2.Macroscopic ﬁndings and location of transducers. The SIS graft had disappeared and could only be identiﬁed by the remaining polypropylene sutures. No evidence of diverticular
formation or shrinkagewas apparent in the grafted region. For the in vivo study, two transducerswere sutured to the jejunum, one ofwhichwas 10 cmand the other 5 cmproximal to the
reorganized area (transducers 1 and 2, respectively). One transducer was applied in the center of the reorganized segment (transducer 3), and another was sutured to the jejunum 5 cm
distal to transducer 3 (transducer 4).
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2.1. Clinical signs and macroscopic ﬁndings
The SIS graft was sutured to the bowel wall along the mesenteric
edge without injuring the blood vessels in all cases. All dogs survived
and thrived andwere healthy at the time of in vivo functional evaluation
(Table 1). They showed no signiﬁcantweight loss (preoperative weight,
13.04 ± 0.96 kg; postoperative weight, 13.18 ± 0.96 kg; paired t test,
P= 0.732). There were no symptoms of peritonitis caused by perfora-
tion or ileus. The greater omentum was mildly adhered to the SIS-
grafted area. The SIS graft had disappeared and could only be identiﬁedTable 1
Characteristics of clinical, macroscopic, and microscopic ﬁndings.
Clinically & macroscopically
Postoperative complication Body weight loss
Dog 1 None None
Dog 2 None None
Dog 3 None None
Dog 4 None None
Dog 5 None None
Microscopically (1)
Regeneration of mucosa Regeneration of muscularis mucosa
Dog 1 Presence Presence
Dog 2 Presence Presence
Dog 3 Presence Presence
Dog 4 Presence Presence
Dog 5 Presence Presence
Microscopically (2)
Length of mucosa (mm) Length of tunica mu
Regenerated area Control Ratio Regenerated area
Dog 1 1.52 1.60 0.95 0.60
Dog 2 1.80 1.88 0.96 0.60
Dog 3 1.04 1.40 0.74 0.40
Dog 4 0.72 1.68 0.43 0.32
Dog 5 1.80 1.80 1.00 1.00
Ave. ± S.E 1.38 ± 0.21 1.67 ± 0.08 0.82 ± 0.11 0.58 ± 0.12
There was no signiﬁcant difference in the length of the mucosa, the length of the tunica muscuby the remaining polypropylene sutures. No evidence of diverticular
formation or shrinkage was apparent in the grafted region (Fig. 2). No
dilation of the small intestine orad to the grafted area was observed.2.2. Muscle motility in vivo
Migrating motor activity of the small intestine was observed
throughout the segment including the reorganized area during fasting
in conscious dogs using a telemetric force transducer system (Fig. 3A).
This motor activity was similar to the migrating motor complex in
conscious dogs that we had previously reported [18].Adhesion of omentum Stenosis of intestinal tract
Presence Absence
Presence Absence
Presence Absence
Presence Slightly
Presence Absence
e Regeneration of submucosa Regeneration of tunica muscularis
Presence Presence
Presence Presence
Presence Presence
Presence Presence
Presence Presence
scularis (mm) Length of whole layer (mm)
Control Ratio Regenerated area Control Ratio
0.80 0.75 2.56 3.40 0.75
1.00 0.60 2.60 2.80 0.93
0.80 0.50 1.80 3.00 0.60
0.60 0.53 1.12 2.72 0.41
1.20 0.83 3.00 3.20 0.94
0.88 ± 0.10 0.64 ± 0.06 2.22 ± 0.34 3.02 ± 0.13 0.73 ± 0.10
laris, or the length of both layers, when compared with the normal region (control).
Fig. 3. Contractility in vivo and in vitro. (A) In vivo gastrointestinal motility was measured using a telemetric transducer system. Isoperistaltic motor activity during fasting was observed
through the segment including the reorganized area. Tissue preparations from the SIS-grafted area showed contraction in response to the muscarinic receptor agonist carbachol hydro-
chloride (Ba, Bb) and electrical ﬁeld stimulation (Bc, Bd).
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CCH induced tonic contractions in strips in a concentration-
dependent manner. The MIs were 0.6, 25.7, 105.4, 150.8, and 84.7 g ⋅ s
at CCH concentrations of 1 × 10−8, 10−7, 10−6, 10−5, and 10−4 M, re-
spectively, in the reorganized area. These MIs were 0.1, 148.5, 497.1,
638.8, and 281.9 g ⋅ s, respectively, in the normal area. The amplitudes
of the contractions in response to CCH were recorded in SIS strips
and were only one-fourth of those in the control strips (Fig. 3Ba, Bb).
The MIs were 4.7, 8.6, 12.6, 16.7, and 17.8 g ⋅ s at EFS frequencies
of 2.5, 5.0, 10.0, 20.0, and 40.0 Hz, respectively, in the reorganized
area. These MIs were 15.8, 27.5, 44.8, 63.1, and 83.2 g ⋅ s, respectively,
in the normal area. The SIS strips contracted in response to EFS,
although the amplitude was one-fourth lower than that of the controls
(Fig. 3Bc, Bd).2.4. Microscopic ﬁndings
An artiﬁcial defect was reproduced in all animals. The reorganized
region was covered by a single columnar epithelial layer including a
large number of absorptive columnar cells with a brush border and a
few goblet cells (Fig. 4A). These cells formed the normal appearance of
long, slender villi with a core of lamina propria. The reorganizedmucosa
had sprigs of muscle ﬁbers that extended into the cores of the villi as
well; the muscularis mucosa usually sends these into the cores of villi.
The SIS-grafted area seemed to comprise a layer of smooth muscle
cells with hematoxylin and eosin staining showing that the haphazard
ﬁber arrangement was not consistent in appearance with that in a typ-
ical scar, but instead showed a circular ﬁber arrangement similar to
that usually seen in the outer muscle layer with maintenance of the
multilayered structure. Microscopically, the transition between the
Fig. 4.Microscopic ﬁndings. An artiﬁcial defect of the jejunum was reproduced without
medical consequence. The reorganized regionwas covered by a single columnar epithelial
layer including a large number of absorptive columnar cells with a brush border and a few
goblet cells. They formed the normal appearance of long, slender villi with a core of lamina
propria (A). Immunohistochemistry for S-100 proteinwas performed to conﬁrmneuralﬁ-
bers, and positive cells were recognized in the reorganized area (arrows).
Fig. 5. Immunohistochemistry. Immunohistochemistry forα-smoothmuscle actin (A) and
desmin (B) highlighted the structures of the submucosa and muscularis propria.
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smooth, and the reorganized area was covered by serosa. Evidence of
vascularization or de novo innervation in the reorganized area was
observed by elastica van Gieson staining or anti-S-100 protein staining
(Fig. 4B). Immunohistochemistry for α-smooth muscle actin and des-
min highlighted the structures of the submucosa and the muscularis
propria (Fig. 5). Although the two different layers were apparent in
two dogs, itwas difﬁcult to identify themargin of the twodifferentmus-
cle layers in the other three dogs. Therefore,measurement of themuscle
layer thickness included both muscular layers in all ﬁve dogs (Table 1).
When comparedwith thenormal region, therewas no signiﬁcant differ-
ence in the length of themucosa (unpaired t test, P=0.235), the length
of the tunica muscularis (unpaired t test, P = 0.094), or the length of
both layers (unpaired t test, P= 0.054).
3. Discussion
SBS is a clinical entity deﬁned as themalabsorptive state that follows
extensive resection of the small intestine and is associated with a 50%–
75% long-term survival rate [19]. Currently, themost effective treatment
for patients with SBS with liver failure is probably intestinal transplan-
tation [20]. However, the numbers of available organs is limited, and
the safety of small bowel transplantation is uncertain in terms ofmortality and morbidity. Therefore, surgeons have tried to improve
the problems associated with inadequate bowel length in patients
with SBS through creative operative interventions. These procedures
were developed in an attempt to optimize the volume-to-surface-area
ratio of the intestine to improve the contact time between luminal
contents and the absorptive surface [21]. Bianchi’s procedure is one
such major technique that is occasionally used as surgical therapy for
patients with SBS. In this procedure, the dilated small intestine is divid-
ed longitudinally by linear staplers, two tubes of intestine are prepared
based on the natural bifurcation of the blood vessels in the mesentery
before reaching the edge of the bowel wall, and the intestinal continuity
is restored by reconnecting the two tubes in series with the rest of the
small intestine in an isoperistaltic direction [1]. This results in a 50%
decrease in the diameter of the dilated small intestine with a 200%
increase in length. More speciﬁcally, it does not expand the absorptive
area of the small intestine by itself immediately after the operation;
the maximum amount of small bowel mucosa is preserved in expecta-
tion of intestinal adaptation. In fact, in Bianchi’s initial reviewof children
with SBSwho underwent intestinal lengthening, the long-term survival
was only 45% [22], although a couple of authors recently stated that
a longitudinal intestinal lengthening procedure alone improves the
outcome of patients with SBS [2–5].
It seems reasonable to assume that the ﬁnal treatment goal for pa-
tients with SBS is to increase the absorption area of the small intestine.
Saday andMir [6] illustrated an interesting surgical model using rabbits
that combined intestinal lengtheningwith neomucosal growth by sero-
sal patching. Serosal patching is a traditional surgical technique for in-
creasing the intestinal surface area with the growth of new intestinal
mucosa. However, Thompson and Quigley [23] reported that the
579M. Nakao et al. / Journal of Pediatric Surgery 50 (2015) 573–580technique of serosal patching was associated with impaired absorption
in vivo. Unfortunately, their curious procedure could not be followed
in the clinical setting because of the limited serosal surface and other
anatomic factors.
As described above, Bianchi’s operation has been clinically used as
surgical therapy for patients with SBS whose bowel is severely dilated.
We conceived an innovative design concept beneﬁcial in the treatment
of patients with SBS whose bowel is not severely dilated. In this proce-
dure, the bowel is divided as described by Bianchi [1] without the use of
surgical staplers. Rather than sewing the edges of the bowel to itself to
form two separate conduits, the defect is closed with interpositioning
of a bioabsorbable scaffold sutured to the edges of the defect. This
scaffold might be expected to promote the local regeneration of the
gastrointestinal tract. The two separate conduits integrated with the
bioabsorbable scaffold are then reconnected in series with the rest of
the small intestine, as in Bianchi’s operation. This technique, which
combines intestinal tissue engineering and Bianchi’s operation, allows
the absorptive area of the small intestine to increase to twice that of
the original bowel without changing the caliber of the initial lumen.
Porcine-derived SIS is a decellularized extracellularmatrix containing
functional growth factors that are probably vital to the regenerative
process [7–9]. SIS possesses a mixture of bioactive factors including
cell adhesion factors, mitogenic factors, chemotactic cytokines, and
angiogenic factors [10]. In 1966, it was ﬁrst clinically used for
replacement of the inferior vena cava [24]. SIS has been broadly tested
for regeneration of different parts of the gastrointestinal tract in animals.
We also employed a previously established rodent full-thickness stom-
ach defect model and aptly evaluated functionality in addition to
histomorphometry as interpretation metrics [25–27]. Several reports
have described the utility of SIS in intestinal tissue engineering using
an animal model [11–16]. Several authors reported that tissue engineer-
ing of a neointestine using SIS could develop structural features of the
normal intestine [11–14]. Chen and Badylak [11] only observed the fea-
sibility of SIS in a canine model. They failed to generate a neointestine
with a tubular segmental graft of SIS, although they succeeded in recre-
ating a remodeled wall containing a mucosal epithelial layer, varying
amounts of smooth muscle, sheets of collagen, and a serosal covering
by SIS patching of a substantial defect formed in the small intestine. As
documented in the literature, a tubular replacement of SIS interposed
between small intestinal segments irregularly resulted in signiﬁcant
stricture because of insufﬁcient blood supply to the midportion of the
graft [15,16,28]. Neoangiogenesis between the graft and the recipient is
thought to be essential [29]. Whenwe placed the SIS graft longitudinally
instead of placing staples during Bianchi’s procedure, the SIS graft was
maintained with an adequate blood supply to promote angiogenesis
because the edge of the graft was closer to the intact bowel, unlike
the midportion of other tubular replacement graft. In this series, we
unfortunately failed to perform a complete Bianchi’s procedure because
the distance between the natural bifurcation of the blood vessels in the
mesentery and the edge of the bowel wall in the canine is too short to
be separated. This distance between the blood vessel bifurcation and
wall of the jejunum is approximately 1 cm, which is extremely shorter
than that in the human and porcine.
In the present study,we demonstrated the survival of dogswhose 7-
cm longitudinal-half defect of the small intestine was resected and re-
placed with an SIS patch with a single blood supply from the bifurcated
vessels. The SIS graftwas sutured to thebowel edgewithout injuring the
blood vessels in all cases, which implies that the technique would still
be successful if the bowel were divided equally. All dogs survived and
thrived with no anastomotic leakage.
Notably, the present study did not include a control group. A control
group was also omitted from our previous study in which either the
nonabsorbable mesh or omental patch was used to repair stomach de-
fects in ﬁve rats [27]. In that study, all rats except one died of severe
peritonitis within 24 hours after surgical manipulation. Based on these
previous results, we did not create this type of control group in thepresent study. Instead, we used the de novo small intestine as a control
and compared it with the reorganized area of intestine within the same
animal. Histologically, we observed the same original three-layer regen-
eration of the mucosa, smooth muscle, and serosa described by Chen
and Badylak [11] despite the completely different blood supply to the
graft compared with their study. In addition, there was no signiﬁcant
difference in the length of the mucosa, the length of the tunica
muscularis, or the length of both layers between the reorganized area
and the normalwall.We evaluated the contractility of reorganizedmus-
cle in vivo and in vitro. We veriﬁed peristalsis through the segment in-
cluding the reorganized area as an isoperistaltic migrating motor
activity in fasting animals using a telemetric transducer system; this
motor activity was similar to themigratingmotor complex that we usu-
ally observed in conscious dogs [18]. Tissue preparations harvested
from the reorganized area showed concentration- and frequency-
dependent muscle contractility in vitro, although the restoration of
both abilities was not achieved, implying that the SIS graft may potently
induce pharmacological and electrophysiological reorganization of the
digestive tract. Our results indicate that the SIS graft may possibly be
used as a biodegradable scaffold for longitudinal replacement of the
jejunum during Bianchi’s procedure in dogs.
Our ﬁnal clinical goal is to develop a universal treatment for patients
with SBS by means of a technique that combines small intestinal tissue
engineering using human-derived SIS and Bianchi’s procedure. We
assume so far that human-derived SIS can probably be obtained from
living donors by single-port surgery. Indeed, we are now expanding
this concept to another large animal whose mesentery is similar to
that of humans. Although this set of preliminary data requires validation
and further investigation, we succeeded in performing a modiﬁed
Bianchi’s operation with porcine-derived SIS repair in swine (unpub-
lished data). We believe that the current study is fundamental in
allowing usmove on to further research becausewe veriﬁed the surviv-
al of an SIS patch placed onto a longitudinal Bianchi’s bowel with a sin-
gle blood supply from the bifurcated vessels in a large animal. Some
groups have recently been accelerating their research on creating a
neomucosa based on epithelial stem cell ﬁndings [30–33]. We believe
that SIS would becomemore physiologically supportive in neointestinal
creation if it were combined with their research. Our present proposal
approaches a novel surgical treatment for patients with SBS with either
a dilated or nondilated small bowel.
References
[1] Bianchi A. Intestinal loop lengthening–a technique for increasing small intestinal
length. J Pediatr Surg 1980;15:145–51.
[2] Walker SR, Nucci A, Yaworski JA, et al. The Bianchi procedure: a 20-year single insti-
tution experience. J Pediatr Surg 2006;41:113–9 [discussion 113–9].
[3] Sudan D, Thompson J, Botha J, et al. Comparison of intestinal lengthening procedures
for patients with short bowel syndrome. Ann Surg 2007;246:593–601 [discussion
601–4].
[4] Reinshagen K, Kabs C, Wirth H, et al. Long-term outcome in patients with short
bowel syndrome after longitudinal intestinal lengthening and tailoring. J Pediatr
Gastroenterol Nutr 2008;47:573–8.
[5] Pakarinen MP, Kurvinen A, Koivusalo AI, et al. Long-term controlled outcomes
after autologous intestinal reconstruction surgery in treatment of severe short
bowel syndrome. J Pediatr Surg 2013;48:339–44.
[6] Saday C, Mir E. A surgical model to increase the intestinal absorptive surface: intes-
tinal lengthening and growing neomucosa in the same approach. J Surg Res 1996;
62:184–91.
[7] Voytik-Harbin SL, Brightman AO, Kraine MR, et al. Identiﬁcation of extractable
growth factors from small intestinal submucosa. J Cell Biochem 1997;67:478–91.
[8] McDevitt CA, Wildey GM, Cutrone RM. Transforming growth factor-beta1 in a
sterilized tissue derived from the pig small intestine submucosa. J Biomed Mater
Res A 2003;67:637–40.
[9] Hodde J, Janis A, Hiles M. Effects of sterilization on an extracellular matrix scaffold:
part II. Bioactivity and matrix interaction. J Mater Sci Mater Med 2007;18:545–50.
[10] Yang B, Zhou L, Sun Z, et al. In vitro evaluation of the bioactive factors preserved in
porcine small intestinal submucosa through cellular biological approaches. J Biomed
Mater Res A 2010;93:1100–9.
[11] Chen MK, Badylak SF. Small bowel tissue engineering using small intestinal submu-
cosa as a scaffold. J Surg Res 2001;99:352–8.
[12] Wang ZQ, Watanabe Y, Toki A. Experimental assessment of small intestinal submu-
cosa as a small bowel graft in a rat model. J Pediatr Surg 2003;38:1596–601.
580 M. Nakao et al. / Journal of Pediatric Surgery 50 (2015) 573–580[13] Demirbilek S, Kanmaz T, Ozardali I, et al. Using porcine small intestinal submucosa in
intestinal regeneration. Pediatr Surg Int 2003;19:588–92.
[14] Wang ZQ, Watanabe Y, Noda T, et al. Morphologic evaluation of regenerated small
bowel by small intestinal submucosa. J Pediatr Surg 2005;40:1898–902.
[15] Lee M, Chang PC, Dunn JC. Evaluation of small intestinal submucosa as scaffolds for
intestinal tissue engineering. J Surg Res 2008;147:168–71.
[16] Qin HH, Dunn JC. Small intestinal submucosa seeded with intestinal smooth muscle
cells in a rodent jejunal interposition model. J Surg Res 2011;171:e21–6.
[17] Chung SY, Krivorov NP, Rausei V, et al. Bladder reconstitution with bonemarrow de-
rived stem cells seeded on small intestinal submucosa improves morphological and
molecular composition. J Urol 2005;174:353–9.
[18] Ueno T, Uemura K, HarrisMB, et al. Role of vagus nerve in postprandial antropyloric coor-
dination in conscious dogs. Am J Physiol Gastrointest Liver Physiol 2005;288:G487–95.
[19] Vanderhoof JA, Langnas AN. Short-bowel syndrome in children and adults. Gastro-
enterology 1997;113:1767–78.
[20] Fryer JP. The current status of intestinal transplantation. Curr Opin Organ Transplant
2008;13:266–72.
[21] Thompson JS, Rochling FA, Weseman RA, et al. Current management of short bowel
syndrome. Curr Probl Surg 2012;49:52–115.
[22] Bianchi A. Experience with longitudinal intestinal lengthening and tailoring. Eur J
Pediatr Surg 1999;9:256–9.
[23] Thompson JS, Quigley EM. Motor and absorptive function of the canine intestine
following serosal patching: the effects of a lateral enterotomy on small intestinal
myoelectrical activity. J Invest Surg 1991;4:203–15.[24] Matsumoto T, Holmes RH, Burdick CO, et al. Replacement of large veins with free
inverted segments of small bowel: autografts of submucosal membrane in dogs
and clinical use. Ann Surg 1966;164:845–8.
[25] Ueno T, de la Fuente SG, Abdel-Wahab OI, et al. Functional evaluation of the grafted
wall with porcine-derived small intestinal submucosa (SIS) to a stomach defect in
rats. Surgery 2007;142:376–83.
[26] Ueno T, Oga A, Takahashi T, et al. Small intestinal submucosa (SIS) in the repair of a
cecal wound in unprepared bowel in rats. J Gastrointest Surg 2007;11:918–22.
[27] Nishimura T, Ueno T, Nakatsu H, et al. In vivo motility evaluation of the grafted
gastric wall with small intestinal submucosa. Tissue Eng Part A 2010;16:1761–8.
[28] Doede T, Bondartschuk M, Joerck C, et al. Unsuccessful alloplastic esophageal
replacement with porcine small intestinal submucosa. Artif Organs 2009;33:
328–33.
[29] Raﬁi S, Lyden D. Therapeutic stem and progenitor cell transplantation for organ
vascularization and regeneration. Nat Med 2003;9:702–12.
[30] Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells build crypt-villus structures
in vitro without a mesenchymal niche. Nature 2009;459:262–5.
[31] Jung P, Sato T, Merlos-Suarez A, et al. Isolation and in vitro expansion of human
colonic stem cells. Nat Med 2011;17:1225–7.
[32] Sato T, Stange DE, Ferrante M, et al. Long-term expansion of epithelial
organoids from human colon, adenoma, adenocarcinoma, and Barrett's epithelium.
Gastroenterology 2011;141:1762–72.
[33] Yui S, Nakamura T, Sato T, et al. Functional engraftment of colon epithelium
expanded in vitro from a single adult Lgr5(+) stem cell. Nat Med 2012;18:618–23.
